and BF 4 − were found to be isostructural by single crystal X-ray diffraction. Interestingly, the three compounds show extremely potent antiproliferative effects against the human cancer cell line SKOV3. To gain insights into the possible mechanisms of biological action, several intracellular targets have been considered. Thus, DNA binding has been evaluated, as well as the effects of the compounds on the mitochondrial function. Furthermore, the compounds have been tested as possible inhibitors of the seleno-enzyme thioredoxin reductase.
Introduction
The bis(triphenylphosphane)iminium cation (often abbreviated as PPN + ) is a classical cation, known to be useful in the isolation of reactive anions. The distinguished ability of PPN + in stabilizing air-sensitive, less-stable metallic anions is the reason for its popularity in the synthesis of many unique organometallic and coordination compounds. For example, it is known that many important and unique chemo-physical phenomena can arise when trapping an interesting anion in a chemically inert solid phase. Thus, the first known crystal structures of fullerene C 60 were only achievable using the PPN + as the counter ion [1, 2] , while the compound PPN + -(bipyridyl)tetracyanidoruthenate is a technologically efficient humidity sensor [3] .
Another reason of the growing uses of PPN + arose after its degree of bent vs. linear geometrical flexibility had been disclosed [4] . In fact, it is unsurprising that 1453 crystal structures incorporating PPN + are counted in the Cambridge Structural Database [5] , of which a majority of ca. 90% is incorporating anionic metal complexes. The rest of reported PPN + compounds with simple metallic-free anions is also of remarkable importance. For example, the bis(triphenylphosphane)iminium nitrite is reported as a versatile nitrosylating reagent [6] , and the bis(triphenylphosphane)iminium nitrate is a known nitrate-sensitive electrode [7] . Unfortunately, structurally-reported compounds of PPN + containing small anions are scarce, namely those with thiocyanate [8] , monothionitrate [9] , perthionitrite [10] , iodate [11] , tri-iodide [12] and chloride [13] anions. Also, the crystal structure of PPN + with tetrafluoridoborate mono(dichloromethane) is known [14] . None of these compounds has ever been characterized for its biological properties and its effects on cancer cell lines. We hypothesized that PPN + may behave as a so-called membrane permeable Delocalized Lipophilic Cation (DLC) which can target mitochondria and exert cytotoxic effects [15] . Mitochondria are known to play a major role in cell energy metabolism as they generate ATP (adenosine triphosphate) following oxidation of respiratory substrates. Furthermore, they are also involved in the modulation of Ca 2+ homeostasis, in ROS (Reactive Oxygen Species)
Mitochondria, once energy generated by the oxidation of substrates is stored as electrochemical potential, develop a membrane potential of about 180 mV, that is used for ATP formation and ion transport. As this membrane potential is negative inside, the molecules endowed with a positive charge distributed over a broad surface area such as DLC, can be accumulated in the mitochondrion. These molecules are first driven into the cell by the plasma membrane potential and then, from the cytosol, they can concentrate in the mitochondrial matrix [16] . Several cancer cell lines present a higher plasma and mitochondrial membrane potential in comparison to normal cells; this condition has been exploited for targeting lipophilic cations with potential anticancer action to mitochondria [17] [18] [19] [20] . In the mitochondrial matrix, the thioredoxin system represents a major pathway involved in the removal of dihydrogen peroxide and in thiol-dependent redox regulation. The thioredoxin system is composed of NADPH, thioredoxin reductase and thioredoxin. NADPH, through thioredoxin reductase, maintains thioredoxin reduced, in turn able to act as a substrate of peroxiredoxin that very efficiently removes dihydrogen peroxide. Thioredoxin reductase is reported to be inhibited by a large number of molecules most of which are anticancer agents [21] .
Within this frame, we are reporting here the synthesis, characterization, crystal structures, anti-proliferative and DNA-binding studies, the effects on mitochondria functions and mitochondrial thioredoxin reductase activity of bis(triphenylphosphane)iminium perchlorate, onwards denoted as 1, bis(triphenylphosphane)iminium tetrafluoridoborate, onwards denoted as 2 and of bis(triphenylphosphane)iminium [dichloridoargentate(I)] monoethanol, onwards denoted as 3, see Fig. 1 for the schematic structures.
Experimental

Materials and methods
Melting points were determined on an electrothermal ' s IA9000 series digital capillary melting point apparatus and are uncorrected. FT-IR spectra were measured using a KBr pressed disk on a Shimadzu IR-Affinity spectrophotometer (4000-400 cm
−1
). X-ray powder diffraction was carried out for the sake of confirming phase purity, using Rigaku Ultima-IV equipment with copper radiation and Bragg-Brentano geometry. The elemental analyses were performed by using a Perkin Elmer Series II-2400 analyzer.
The 
X-ray crystallography
Suitable colorless plate crystals of the compounds 1, 2 and 3 were selected under an optical microscope, glued and mounted onto a thin glass capillary. Diffraction data were collected for 1 and 2 at 294 K, and for 3 at 173 K using Rigaku R-axis diffractometer equipped with an imaging plate detector, utilizing graphite-monochromatised Cu-K α in 1-2 and Mo-K α radiations in 3. Full spheres of reciprocal spaces were using the ω-scan. Preliminary orientation matrices, unit cell determination and data reduction and corrections were performed using the CrystalClear package [22] . The structures were solved by direct methods and refined by full-matrix least squares on all | F 2 | data, using the SHELX package [23] . Hydrogen atoms were isotropically refined and constrained to ideal geometry, using their appropriate riding model and all nonhydrogen atoms were anisotropically refined. The perchlorates and tetrafluoridoborates in 1 and 2 were constrained to ideal geometry, using appropriate geometrical restraints. The relatively high R value (9.8%) for compound 1 is due to poor crystal quality; the isomorphism with compound 2 gives confidence for its accuracy. Fig. 1 was created using the DIAMOND package [24] . Crystallographic parameters of compounds 1-3 are summarized in Table 1 , while selected geometrical parameters are discussed and presented below.
Antiproliferative assays
The human ovarian cancer SKOV3 cells, (obtained from the European Centre of Cell Cultures ECACC, Salisbury, UK) were cultured in DMEM containing GlutaMAX-I supplemented with 10% FBS and 1% penicillin/streptomycin (all from Invitrogen), at 37°C in a humidified atmosphere of 95% of air and 5% CO 2 (Heraeus, Germany). For evaluation of growth inhibition, cells were seeded in 96-well plates (Costar, Integra Biosciences, Cambridge, MA) at a concentration of 10,000 cells/well and grown for 24 h in complete medium. Solutions of the compounds were prepared by H 2 O and appropriate dilutions in DMEM were added to the wells (200 μL) to obtain a final concentration ranging from 0.01 to 50 μM. Following 72 h drug exposure, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added to the cells at a final concentration of 0.50 mg·mL −1 and incubated for 3-4 h, time after which the culture medium was removed and the violet formazan crystals dissolved in DMSO. The optical density of each well (96-well plates) was quantified in quadruplicate at 540 nm, using a multi-well plate reader, and the percentage of surviving cells was calculated from the ratio of absorbance between treated and untreated cells. The IC 50 value was calculated as the concentration reducing the proliferation of the cells by 50% and is presented as an average (±SD) of at least three independent experiments.
DNA binding
The interaction of the compounds (1-3) with CT-DNA was carried out in buffer containing 5 mM tris(hydroxymethyl)aminomethane buffer adjusted to pH 7.2 with 1 M hydrochloric acid. The CT-DNA dissolved in this Tris-HCl buffer was dialyzed against the same buffer overnight. Solutions of CT-DNA gave ratios of UV absorbance at 260 and 280 nm above 1:1.9, indicating suitable DNA (free of protein). Absorption spectroscopy was used to determine the DNA concentration, using the molar absorption coefficient 6600 dm The stock solution was kept at 4°C. The Shimadzu UV-2450 UV-Vis spectrophotometer was used to record absorption and the ethidium bromide displacement assay using a JASCO F 6500 spectrofluorophotometer. The DNA-binding experiments include absorption spectral studies and fluorescence conform to standard methods [25] [26] [27] and have been reported earlier [28] [29] [30] . Absorption spectral titration experiments were performed by upholding a constant concentration of the complexes and varying the calf thymus DNA (CT DNA) concentration by dissolving an appropriate amount of the compound and DNA stock solutions, while maintaining the total volume constant (3 mL). The ethidium bromide displacement assay was carried out by fixing the excitation wavelength. The DNA was pretreated with ethidium bromide, [DNA/EthBr] = 10 for 30 min at 25°C. Then the compounds were added to this mixture and their effect on the emission intensity was measured.
2.6. Mitochondrial functions 2.6.1. Preparation of rat liver mitochondria Mitochondria were prepared from rat liver by differential centrifugations following the procedure of Myers and Slater [31] in a medium containing 220 mM mannitol, 70 mM sucrose, 0.1 mM H 4 edta and 5 mM Hepes/Tris buffer (pH 7.0). H 4 edta was omitted in the final washing and in the mitochondrial suspension. Mitochondrial proteins were estimated with the biuret procedure [32] .
Estimation of mitochondrial swelling
Mitochondrial swelling was followed spectrophotometrically as a decrease of the optical density at 540 nm. Briefly, rat liver mitochondria (0.25 mg/mL) were incubated at 25°C in 213 mM mannitol, 71 mM sucrose, 5 mM Hepes/Tris buffer (pH 7.4), 5 mM succinate, 5 μM rotenone and 2.5 μM oligomycin in the presence of compounds 1-3.
Mitochondrial dioxygen consumption
Dioxygen uptake was measured polarographically, utilizing a Clarktype oxygen electrode inserted in a water jacketed chamber (25°C) with constant stirring. Data were acquired and analyzed as described in [33] . Briefly, rat liver mitochondria (1 mg/mL) were incubated at 25°C in 0.1 M sucrose, 50 mM KCl, 1 mM MgCl 2 , 1 mM NaH 2 PO 4 and 20 mM Hepes/Tris buffer (pH 7.4) and 1 mM H 4 egta. Compounds 1-3 were added and, after 1 min, respiration was started by 7.5 mM succinate. The consumption of dioxygen was calculated in nmoles of O 2 sec −1 ·mg −1 of protein.
Determination of membrane potential in isolated mitochondria and in cancer cell
The mitochondrial membrane potential was estimated by means of the fluorescent dye rhodamine 123. Mitochondrial proteins (0.6 mg/mL) were incubated at 25°C in 100 mM sucrose, 50 mM KCl, 20 mM Hepes/Tris buffer (pH 7.4), 1 mM NaH 2 PO 4 , 1 mM MgCl 2 , 12.5 μM rotenone, and 0.5 μM oligomycin. Mitochondria were treated with 5 mM succinate as an oxidizable substrate. After 4 min, complexes 1-3 were added. Fluorescence was estimated in a microplate Table 1 Crystal data and refinement details for compounds 1-3. reader (Tecan Infinite® M200 PRO), in a final volume of 0.250 mL, at 485 nm (excitation wavelength) and 527 nm (emission wavelength). Membrane potentials of human cisplatin-sensitive ovarian cancer cells A2780 were analyzed using flow cytometry. Cells were grown at 37°C in a 5% CO 2 using RPMI 1640 medium, supplemented with 50 units·mL − 1 penicillin and 50 μg·mL − 1 streptomycin, 2 mM Lglutamine, containing 10% fetal calf serum. The changes of the membrane potential induced by the compounds were estimated with a FACSCanto™ II (Becton Dickinson) cytofluorometer using tetramethylrhodamine (TMRM) as a fluorescent dye, with an argon laser at 585 nm.
Thioredoxin reductase inhibition studies
Cytosolic thioredoxin reductase (TrxR1) was prepared from rat liver according to Luthman and Holmgren [34] , and mitochondrial thioredoxin reductase (TrxR2) was purified according to Rigobello and Bindoli [35] .
The protein content of isolated enzymes was estimated according to Lowry et al. [36] . Thioredoxin reductase activity was measured at 25°C in 0.2 M Tris/HCl buffer (pH 8.1), and 0.25 mM NADPH. The reaction was started by the addition of 1 mM DTNB (DNTB = 5,5′-dithiobis-2-nitrobenzoic acid; Ellman's reagent) and followed spectrophotometrically at 412 nm.
Results and discussion
Synthesis and 3D structure of the compounds
The synthesis of the three compounds went rather straightforward, despite the unusual recipe starting from bis(cyanido)metallates(I) for compounds 1 and 2 and yielded pure, crystalline homogeneous materials, from which crystals for X-ray diffractions were easily obtained. Using alternative synthetic methods, by using (PPN)Cl and silver salts, did not yield pure compounds. Compounds 1 and 2 were found to be isostructural with no interactions between the cation and the anion. The crystal data and refinement details for all 3 compounds were mentioned in Table 1 (above). Relevant bond lengths and angles are in Table 2 . The molecular structures and packing are given in Fig. 2 .
In addition to the intrinsic intramolecular C-H…N hydrogen bonding in the PPN molecular structures, the molecular packing in 1 and 2 are supported with weak C-H…O and C-H…F intermolecular hydrogen bonding. The molecular arrangement in 3 is dominated by weak C-H…Cl hydrogen bonding interactions.
The intramolecular distances for the cation and the anion, are all uneventful. Compound 3 contains an ethanol solvent molecule filling a gap in the crystal lattice; in fact this compound having the [AgCl 2 − ]
anion is a new compound, compared to reported similar examples [37, 38] .
Antiproliferative effects
The antiproliferative effects of compounds 1-3 were tested against the human breast cancer cell line SKOV3. The compounds present extremely potent effects on cell viability, with IC 50 values in the nM range. Specifically, compound 3 is the most potent of the series with an IC 50 = 0.20 ± 0.05 μM, while 1 and 2 have slightly higher values (ca. 0.4 μM for both compounds).
DNA binding studies
The primary intracellular target of antitumor drugs is DNA; so, drug-DNA interaction is of paramount importance and can lead to the primary mechanism of tumor inhibition for the treatment of cancer. Therefore, to obtain an insight into the binding propensity and binding mode, interaction of compounds 1-3 with calf thymus DNA (CT-DNA) was carried out by using absorption spectroscopy. Interaction of compounds with CT-DNA may result in an increase in absorbance (hyperchromism), or a decrease in absorbance (hypochromism). The 
Symmetry codes: (1) i: 1/2-x,y,3/2-z and (2) i: 3/2-x,y,1/2-z, and iii: 5/2-x,y,3/2-z.
former suggests the rupture of the secondary structure of DNA, while the latter is the characteristic of intercalation [39] attributed to the interaction between the electronic states of the chromophore in the compound and those of the DNA bases [40] .The binding interaction between the cationic compounds and CT-DNA leads to diffusion-limited ion-pair formation at higher concentration of the compound, such that the molecule is fitted to the contour of DNA double helix in an induced-fit fashion. Thus, the compounds preferably bind to the DNA helix via groove binding interactions. This groove binding results in structural reorganization of CT-DNA, which entails partial unwinding or damage of the double helix at the exterior phosphate backbone leading to the formation of a cavity to accommodate the molecule. Consequently, uptake occurs with partial melting of the double helix and generation of an appropriate binding pocket. The absorption spectra of compound 1-3 in the presence of CT-DNA are depicted in Fig. 3 . ).
Ethidium bromide displacement assay
The competitive fluorescence displacement assay involves the addition of molecule to pretreated CT-DNA with ethidium bromide (EthBr), and the intensity of EthBr emission was measured. The addition of a second DNA-binding molecule can quench the emission intensity of DNAEthBr adduct by either replacing EthBr and/or by accepting the excitedstate electron of the EthBr through a photoelectron transfer mechanism [41] .
The emission spectra of EthBr-DNA in the absence and presence of compounds 1-3 are depicted in Fig. 4 
Where, I o and I give the fluorescence intensities in the absence and the presence of complex, respectively. The concentration ratio of the complex to DNA is the value for "r". K SV values are used to evaluate the quenching efficiency and are obtained as the slope of I o /I vs. r. The K SV values for compounds 1-3 were found to be 1.68, 1.22, and 0.95 M −1 , respectively. The DNA binding affinities of the compounds, therefore, follows the order 1 N 2 N 3. Also, the apparent DNA binding constants (K app ) of the complexes 1-3 to CT DNA were calculated using the equation. K EthBr ½EthBr ¼ K app ½complex Fig. 4 . Effect of addition of complexes 1 (left), 2 (middle) and 3 (right), on the emission intensity of DNA-EthBr in 5 mM Tris-HCl buffer at pH 7.1. where , giving an order 1 N 2 N 3, in conformity from absorption spectral studies.
Analysis of mitochondrial functions
Since the PPN + moiety could behave as a Delocalized Lypophilic Cation (DLC) type of compound, we decided to investigate the effects of 1-3 on the mitochondria. It is worth mentioning that DLCs have been explored as an approach to cancer chemotherapy that exploits their selective accumulation in mitochondria of cancer cells, as a consequence of the elevated transmembrane mitochondrial potential Δψ m [20] . In fact, DLCs can pass easily through the lipid bilayer and their positive charge then directs them to the mitochondria where they accumulate at significantly higher concentrations than in the cytoplasm, owing to the large Δψ m generated by the respiratory chain [42] . Thus, the effects on isolated mitochondria of compounds 1-3 were evaluated by estimation of the principal parameters of mitochondrial functions. As shown in Fig. 5 , mitochondrial swelling (A) and membrane potential (B) have been examined. Compounds 1 and 2 are able to induce swelling at a relatively high concentration (40 μM), while compound 3 causes a marked swelling at lower concentrations (5-10 μM). With the same compound, swelling occurs also at very low concentrations (1, 2.5 μM) and is preceded by a lag of about 4 to 8 min. All three compounds, at 10 μM concentration, determine a large and rapid decrease of the membrane potential that is particularly extensive for compound 3. This decrease might be referred to the nature of delocalized lipophilic cations.
Finally, mitochondrial respiration in the presence of compounds 1-3 was also measured. As reported in Fig. 6 , addition of compound 1 and 2, at 10 μM concentration, induces an increase of succinate-dependent respiration that is not further stimulated by the subsequent addition of the classical uncoupling agent CCCP (Carbonyl cyanide m-chlorophenyl Fig. 5 . Induction of mitochondrial swelling by increasing concentrations of 1-3 (left) and the effect of compounds 1-3 on the mitochondrial membrane potential (right). Rat liver mitochondria (0.25 mg/mL) were incubated at 25°C in 213 mM mannitol, 71 mM sucrose, 5 mM Hepes/Tris buffer (pH 7.4), 5 mM succinate, and 3 mg/mL rotenone. Mitochondrial swelling was followed spectrophotometrically at 540 nm. Compounds 1-3 were used at the indicated concentrations. The mitochondrial membrane potential was determined with rhodamine 123, as described in the experimental section. Compounds 1-3 were added where arrows are indicated. hydrazone), but instead an inhibitory effect takes place and increases with time.
Compound 3 markedly inhibits respiration, and is also completely insensitive to the uncoupling agent CCCP. The inset of Fig. 6 shows a control experiment reporting the stimulation of respiration by ADP and the subsequent oxygen uptake by the uncoupler CCCP. It should be noted that the increase of respiration occurring in the presence of compounds 1 and 2, at least at the beginning, is independent of the swelling of the mitochondria, as the latter is a slower event with respect to respiration. However, by comparing the rates of respiration occurring after CCCP addition in the control experiment with those obtained in the presence of compounds 1 and 2, it is clearly evident that, after an initial stimulation, compounds 1 and 2 progressively inhibit mitochondrial respiration.
The mitochondrial membrane potential was also analyzed in cancer cells. A2780 cells (6 × 10 5 ) were incubated with 5 μM of compound 1-3 for 18 h and then subjected to flow cytometry analysis using 25 nM TMRM (tetramethylrhodamine). As reported in Fig. 7 all three compounds lead to a strong decrease in the number of fluorescent cells and, in particular, compound 3 causes a dramatic loss of mitochondrial membrane potential. Table 3 summarizes the percentage of cells with high and low fluorescence, reported as an average ± SD of five experiments.
Mitochondrial thioredoxin reductase inhibition
In mitochondria, thioredoxin reductase (TrxR2) is present in the matrix fraction. As apparent in . Among the potential targets subjected to the action of PPN + we have examined mitochondrial thioredoxin reductase. This enzyme is endowed with a C-terminal motif characterized by the sequence -Cys-SeCys-Gly, which is also the site of inhibition of several agents, especially gold and platinum complexes and electrophilic compounds many of which are also anticancer agents [21] . However, also cations such as Ca 2+ and La 3+ were shown to act as inhibitors of TrxR although possibly at a site different from the C-terminal. Their effect was attributed to an interaction with anionic groups of the enzyme as also apparent from the preventive effect exerted by the ion chelator H 4 edta [45, 46] . In the present study we show that also PPN + compounds can act as inhibitors of thioredoxin re-
ductase showing values for IC 50 in the range of 5-10 μM. Although these figures are higher in comparison to those obtained with other inhibitors, such as gold compounds that act at nanomolar levels [47] , it should be noted that DLC concentrate hundreds of times in the mitochondrial matrix [16] . Therefore, inside the mitochondrion the PPN + compounds under study should easily reach concentrations able to completely prevent the activity of thioredoxin reductase. on thioredoxin reductase at concentrations until 100 μM (data not shown). Furthermore, we observed that PPNCl still inhibits thioredoxin reductase, although at concentrations higher (IC 50 N 40 μM) than those observed with the other compounds (data not shown). The effects of compounds 1-3 were also tested on cytosolic thioredoxin reductase (TrxR1) and on glutathione reductase (GR) (see Table S1 of the Electronic Supporting Information). As apparent, compounds 1-3 inhibit TrxR1 at concentrations comparable to those observed for TrxR2. In contrast, compounds 1 and 2 are ineffective on GR, while compound 3 markedly inhibits this enzyme. TrxR is considered a major target of the inhibitory effect of a large number of anticancer agents and its inhibition leads to cell death [21] . However, it should also be considered that PPN + compounds, once inside the mitochondrion, can exert their inhibitory action on other targets in addition to TrxR. It is noted that other DLCs, such as tetraphenylphosphanium or rhodamine-123 tested in the same experimental conditions are ineffective on TrxR activity. However, brilliant green, which is a cationic triphenylmethane, was shown to exert a disruptive effect on the mitochondrial thioredoxin system [48] .
Concluding remarks
The results described and discussed above strongly suggest that salts of the bis(triphenylphosphane)iminium cation do show significant anticancer activity, DNA binding and also inhibition of the enzyme thioredoxin reductase, as well as causing mitochondrial damage. The role of the used counter anions, i.e. perchlorate (1), tetrafluoridoborate (2) and dichloridoargentate(I) (3), was relevant for the specific properties of each compound, as they differentiate their reactivity in a biological context. Compound 1 appeared to be less effective than compound 2, however, the strongest effects were found for compound 3. These differences observed for thioredoxin reductase inhibition and mitochondrial functions alteration, were found also reflected in other Fig. 8 . Mitochondrial thioredoxin reductase inhibition by compounds 1, 2 and 3. Aliquots of highly purified TrxR2 were incubated in the presence of increasing concentrations of compounds 1-3, and the reaction was followed at 412 nm, as indicated under experimental methods. measurements, like DNA binding. The effect of compound 3 toward thioredoxin reductases and glutathione reductase is significantly larger than that of compounds 1 and 2, and is most likely due to the role played by the Ag + ions known to inhibit TrxR [43, 44] . In fact the selenocysteine residue present in the C-terminal motif of TrxR is sensitive to several inhibitors, including some metal ions [21] . The present results have also made clear that the PPN + cation can determine an energetic impairment, resulting in a strong decrease of the mitochondrial membrane potential, which, associated with thioredoxin reductase inhibition, may play a relevant role in the possible toxic effects of these compounds in cancer cells, together with other mechanisms (e.g. DNA damage). Further studies are necessary to demonstrate the selectivity of such biological activity in cancer cells with respect to non-cancerous ones, and to develop PPN + compounds especially targeted to mitochondria of diseased tissues therefore addressing cancer cell to death.
